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Local electron and ion heating characteristics during merging reconnection startup on the MAST
spherical tokamak have been revealed for the first time using a 130 channel YAG-TS system and a
new 32 chord ion Doppler tomography diagnostic. 2D local profile measurement of Te, ne and Ti
detect highly localized electron heating at the X point and bulk ion heating downstream. For the
push merging experiment under high guide field condition, thick layer of closed flux surface formed
by reconnected field sustains the heating profile for more than electron and ion energy relaxation
time τEei ∼ 4 − 10ms, both heating profiles finally form triple peak structure at the X point and
downstream. Toroidal guide field mostly contributes the formation of peaked electron heating profile
at the X point. The localized heating increases with higher guide field, while bulk downstream ion
heating is unaffected by the change in the guide field under MAST conditions (Bt > 3Brec).
PACS numbers: 52.35.Vd, 52.55.Fa, 52.72.+v
Magnetic reconnection is a fundamental process which
converts the magnetic energy of reconnecting fields to
kinetic and thermal energy of plasma through the break-
ing and topological rearrangement of magnetic field lines
[1][2]. Recent satellite observations of solar flares revealed
several important signatures of reconnection heating. In
the solar flares, hard X-ray spots appear at loop-tops of
coronas together with another two foot-point spots on
the photosphere. The loop-top hot spots are considered
to be caused by fast shocks formed in the down-stream
of reconnection outflow [3]. The two-dimensional (2D)
measurements of the Hinode spectrometer documented
a significant broadening of Ca line-width downstream of
reconnection [4]. These phenomena strongly suggest di-
rect ion heating by reconnection outflow. On the other
hand, the V-shape high electron temperature region was
found around X-line of reconnection as an possible evi-
dence of slow shock structure [5]. However, those heat-
ing characteristics of reconnection are still under seri-
ous discussion, indicating that direct evidence for the re-
connection heating mechanisms should be provided by
a proper laboratory experiment. Since 1986 the merg-
ing of two toroidal plasmas (flux tubes) has been stud-
ied in a number of experiments: TS-3 [6][7], START [8],
MRX [9], SSX [10], VTF [11], TS-4 [12], UTST [13][14],
and MAST [15]. For those laboratory experiments, ev-
idence of plasma acceleration toward outflow direction
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were observed as split line-integrated distribution func-
tion in 0D [16], 1D and 2D bidirectional toroidal acceler-
ation during counter helicity spheromak merging [17][18],
and in-plane Mach probe measurement around X point
with and without guide field [19][20][21]. In the recent
TS-3 experiment, with upgrade of diagnostics [22], 2D
ion and electron heating characteristics are revealed [23]
as bulk heating of ions at the downstream region and lo-
calized small electron heating around X point. However,
for most of the laboratory experiments, the electron tem-
perature was as low as 15eV due to radiation by low-Z
impurities and with the presence of invasive probe diag-
nostics inside the vessel. The energy inventory has been
investigated several times [24][25][26] but the presence of
many loss channels complicated the proper investigation
of electron heating and it tends to be underestimated for
most of the laboratory experiments. The world-largest
merging device: MAST [27] (Mega Ampere Spherical
Tokamak) achieved remarkable success in those issues.
Although the absence of in-situ probe diagnostics around
diffusion region complicates the detailed discussion with
magnetics, reconnection heating exceeds ∼1keV at max-
imum [19] both for ions and electrons; in addition, the
spatial resolution of Ruby and YAG Thomson scattering
diagnostics were recently increased up to 300 and 130
channels respectively [28][29][30]. A new 32 chord tomo-
graphic ion Doppler spectroscopy [22] measurement has
also been installed on midplane with the viewing range
around core reconnection region inside r < 0.8m where
the existing charge exchange recombination spectroscopy
measurement cannot measure due to the limitation of the
2FIG. 1. (color) The geometry of magnetic reconnection in
MAST with flux plots (vacuum field (t = 0ms) and EFIT
(t = 30ms)) and fast camera images (mostly Dα emission).
Two initial STs are generated around P3 coils, move vertically
(z direction) and magnetic reconnection is driven at midplane
(z ∼ 0m).
impact radii of the neutral beam [31][32]. This paper ad-
dresses the first detailed profile measurement of localized
electron and ion heating during magnetic reconnection
startup in MAST.
Figure 1 illustrates the geometry of magnetic recon-
nection and the definition of the coordinate in MAST.
In the cylindrical vacuum vessel (Rwall = 2.0m), P3 coils
generate initial two STs which merge together at mid-
plane and mostly contributes to drive magnetic reconnec-
tion in MAST [33][34][35] (P1 is center solenoid, P2 gen-
erates double null divertor configuration after merging,
P4 and P5 controls radial equilibrium and P6 coils con-
trol the vertical position). Toroidal field is ∼ 0.3 − 0.8T
around diffusion region and reconnecting field is roughly
Brec ∼ 0.07 − 0.15T (based on EFIT reconstruction of
poloidal Br field after magnetic reconnection at t =
30ms: Brec ∼ 5.3×10
−4Ip3max[kAturn]+2.9×10
−3); ion
skin depth c/ωpi ∼ 0.1m, ion Larmor radius ρi < 0.01m
and ion cyclotron frequency ωci > 10Mrad/s. The 300
channel Ruby and 130 channel Nd:YAG Thomson scat-
tering systems measured electron temperature and den-
sity at z = 0.015m and z = −0.015m respectively. 32
channel ion Doppler tomography diagnostics measures
FIG. 2. Time resolved Thomson scattering measurement of
electron density and temperature profile from 5.2ms with
the interval of 0.1ms. During the initial spike of the cen-
tral Mirnov coil, magnetic reconnection starts and the pile-
upped electron density at the X point was ejected towards
downstream, while electrons are heated around X-point from
∼10eV to ∼200eV within 1ms.
ion temperature profile at midplane (z ∼ 0m) with spec-
tral resolution of 0.0078nm/pixel for CVI (529.05nm) and
has viewing chords in 0.25 < r < 1.09m.
As shown in Fig. 2 (top), the P3 ramp down cur-
rent contributes the formation of initial two STs, mag-
netic reconnection starts around 5ms with a large spike
of central Mirnov coil signal (∝ dBz/dt at r ∼ 0.2m,
z ∼ 0m. The fast camera image in Fig. 1 also shows that
two STs move toward midplane around t = 5ms). Dur-
ing the initial spike of Mirnov coil, 130 channel Thom-
son scattering measurement of ne and Te was performed
at 8 time frames in the shot 25740 (Brec ∼ 0.11T and
rsep ∼ 1.0m). Before merging (t = 5.2, 5.3ms), electron
temperature is as low as ∼ 10eV and electron density
has a peak around X point. After t = 5.2ms, magnetic
reconnection starts and radial profile of electron density
shows clear peak shift which indicates outflow acceler-
3FIG. 3. 2D Thomson scattering measurement of electron tem-
perature and density profile at t = 8, 9, 10, 11, 12ms around
X point (a), 300 channel fine Te profile using Ruby Thomson
scattering measurement (b) and 2D ion temperature profile
using 32 chords ion Doppler Tomography diagnostics (c).
ation toward radial direction. For the closed flux type
reconnection of spherical tokamak (ST) merging, outflow
acceleration is damped at downstream and forms double
peak profile with shock-like steep density gradient, while
electron temperature rapidly increases at X point with a
power density of ∼ 0.3MW/m3.
Figure 3 (a) and (b) show 2D electron temperature and
density profiles during discharges 21374-21380 (P6 coils
are used to shift the vertical position of Thomson scat-
tering measurement). After 5ms, outflow ejection starts
and increases electron density downstream, while X point
electron heating reaches maximum around t = 10ms. At
t = 10ms, the 300 channel Ruby Thomson scattering
measurement is performed. In addition to the highly lo-
calized X point electron heating, electron temperature
also increases downstream and forms a triple peak struc-
ture. The downstream heating is located around the
high density region, suggesting the effect of energy re-
laxation between electrons and ions downstream (unlike
most of the laboratory experiments, ion and electron en-
ergy relaxation time τEie ∼ 4 − 10ms is comparable to
the time scale of magnetic reconnection in MAST). Fig-
ure 3 (c) illustrates the 2D ion temperature profile in
pulses 30366-30368, 30376-30377 (Brec ∼ 0.08T). Ions
are mostly heated downstream and the region of outflow
acceleration around the X-point lies inside the current
sheet width (c/ωpi ∼ 0.1m) as in two fluid simulation
FIG. 4. 1D radial profile of Te and Ti at midplane
(CIII(464.7nm) line was used in the frame of t = 3.5−4.5ms).
Electrons are mostly heated at X point and ions in the out-
flow region. Both profiles finally form triple peaks through
the energy transfer of ions and electrons with the delay of
τ
E
ei ∼ 4− 10ms.
FIG. 5. Effect of guide field for electron and ion heating.
Under ultra high guide field condition (Bt > 3Brec), localized
electron heating increases and also enhances ion heating at X
point by Te − Ti energy transfer, while downstream bulk ion
heating does not change.
[36]. For the high guide field reconnection experiment
in MAST, the ratio of collisional thermal diffusivities
χ‖/χ⊥ ∼ 2(ωciτii)
2 >> 10 is much higher than that
of other laboratory experiments (χ‖/χ⊥ ∼ 1 for null-
helicity operation in MRX [37]). Outflow heating profile
downstream is thus confined in a local closed flux sur-
face and enhances the local energy relaxation between
ions and electrons, and finally the electron temperature
profile also forms peaks at the outflow region.
Figure 4 shows more detailed 1D profiles of electron
and ion temperature (Brec ∼ 0.08T). Before merging,
both temperatures are as low as ∼ 10eV. During mag-
netic reconnection, electrons are mostly heated at X
point, while the ion temperature profile forms double
peaks in the outflow region. In MAST experiment, the
millisecond time scale of magnetic reconnection is compa-
rable to τEei ∼ 4− 10ms with the result that the localised
heating of electrons due to reconnection at the X-point is
followed quickly by electron heating in the downstream
region due to equilibration with the ions. Finally both
profiles form a triple peak structure at t ∼ 12ms.
Figure 5 shows the effect of guide field for electron
and ion heating with Brec ∼ 0.08T. The localized X
point electron heating becomes more steep and increases
4under high guide field condition probably because the
higher guide field suppresses cross-field collisional trans-
port, so that the electrons remain in the region of high
toroidal electric field for longer or the enhancement of
steep sheet current profile for smaller amplitude of me-
andering motions by higher guide field [38]. However
bulk ion heating downstream does not change as demon-
strated in the push STmerging experiment with intermit-
tent plasmoid ejection in TS-3 [39] and PIC simulation
[40]. For the operation range of ultra high guide field
condition Bt > 0.3T and Bt/Brec > 3, outflow dissipa-
tion by viscosity damping is suppressed [41], however the
improved confinement by higher guide field assists the
confinement time of ions at downstream in a local closed
flux surface, finally damps outflow and heat ions in the
downstream closed flux surface. In addition, for higher
guide field reconnection, ion temperature also increases
at the X point where the electron temperature profile
finally forms triple peak structure.
In summary, localized electron and ion heating char-
acteristics during merging reconnection startup of ST in
MAST have been revealed in detail for the first time us-
ing 130 channel YAG- and 300 channel Ruby-Thomson
scattering measurement and a new 32 chord ion Doppler
tomography diagnostic. The 2D profile of electron tem-
perature forms highly localized heating structure at X
point with the characteristic scale length of c/ωce <
0.02− 0.05m < c/ωpi , while ion temperature increases
inside the acceleration channel of reconnection outflow
with the width of c/ωpi ∼ 0.1m and the downstream
where reconnected field forms thick layer of closed flux
surface. The effect of Ti - Te energy relaxation, which
has been neglected so far in short pulse laboratory ex-
periments (τrec << τ
E
ei ), also affects both heating pro-
files during millisecond timescale reconnection event in
MAST. With the delay of τEei after the maximum heat-
ing of electrons at the X point and ions downstream,
finally the formation of triple peak structure for both
profiles was observed for the first time. The toroidal
guide field mostly contributes to the formation of a lo-
calized electron heating structure at the X point and not
to bulk ion heating at downstream during merging-type
reconnection experiment. Although the absence of direct
magnetic field measurement during reconnection compli-
cated further discussion of the formation mechanism of
the characteristics heating profile, it should be noted that
the MAST experiment revealed the formation of highly
localized heating structure of magnetic reconnection (es-
pecially electron heating at X point) with much improved
energy confinement for the first time (in MRX, electron
heat loss is comparable to the total energy gain by re-
connection [42]). In addition, the achieved bulk electron
heating reaches comparable order to ion heating after
the delay of τEei and succeeded in pioneering the applica-
tion of reconnection heating for CS-less startup of spher-
ical tokamak even in the ultra high guide field regime
(Bt > 0.3T) which is preferable for better confinement in
practical operation.
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